Molecular sieving of albumin by ascending vasa recta. Evidence exists to support the presence of an extravascular pool of albumin in the renal medullary interstitium. This study used microperfusion in vivo to measure the transport of '25I-labeled albumin from descending (DVR) and ascending vasa recta (AVR) to the papillary interstitium. Perfusions were performed during furosemide diuresis with a buffer containing FITC-labeled dextran (FITC-Dx) 2 X 106 mol wt and 125I-albumin. Perfusate albumin and collection pressure were adjusted to induce either zero transcapillary volume flux (Jv) or high volume flux. When Jv was zero, the collectate-to-perfusate ratios of FITC-Dx (RDX) and 125I-albumin (Rkb) in the DVR and AVR were identical implying that diffusive efflux of albumin was immeasurably small. In contrast, when Jv was increased, paired comparison of R.Jb and RDX in the same AVR revealed a difference, 1.58±0.06 vs 1.72±0.08, respectively (P < 0.01). AVR perfusions in hydropenic animals showed similar results, R.Jb = 1.70±0.07 and RDX = 2.00±0.07 (P < 0.01).
Introduction
In 1958, Lassen, Longley, and Lilienfield reported that autoradiograms of coronal sections taken from the kidneys of dogs injected with 31I-albumin showed intense medullary labeling. Similar experiments were also performed in which 5'Cr-labeled red blood cells and iodinated albumin were injected and the renal vasculature flushed or ligated ( 1, 2) . Those investigations suggested the existence ofa large extravascular pool ofalbumin in the renal medulla. Injection ofalbumin labeled with various markers including radioiodine (3), FITC (4, 5) , and Evans blue dye (5, 6) supported the presence of interstitial albumin. Histochemical methods have been used to examine the pathway by which macromolecules gain access to the interstitium.
Tracers as large as catalase (240,000 mol wt) and ferritin (500,000 mol wt) crossed the fenestrations ofcortical peritubular capillaries and ascending vasa recta (AVR) ' (7, 8) .
The functional implication ofmacromolecular leakage into the medullary interstitium is obscure. The fact that a marker crosses capillary fenestrations does not provide insight into the magnitude or even the direction ofnet protein flux in vivo. The evidence that macromolecules gain access to the medullary interstitium is provocative, raising interesting and important questions with regard to the control ofthermodynamic driving forces responsible for the removal of solutes and water by the microcirculation. An essential consideration in the formulation of a descriptive model of such transport processes concerns the absence of lymphatics from the inner medulla (9, 10) . Without lymphatic drainage, any transport of albumin could lead to an elevation of interstitial oncotic pressure.
To determine whether the descending vasa recta (DVR) (continuous endothelium) or AVR (fenestrated endothelium) transport albumin ( 11) , these vessels were perfused in vivo with a buffer containing '25I-labeled albumin. To assess the relative contributions of diffusion and convection to albumin transport, perfusions were performed under conditions of near zero volume flux or high volume flux. Diffusive effilux of albumin from perfused descending or ascending vasa recta was too small to detect, however, convective transport across the AVR wall was readily demonstrated.
Methods
Female Munich-Wistar rats weighing 70-120 g were obtained from Harlan Sprague Dawley, Inc., Indianapolis, IN. The animals were allowed free access to food and water until the time of the experiment. Anesthesia was obtained by an intraperitoneal injection of thiopental, 50 mg/kg body wt. The rats were placed on a heated table and body temperature maintained between 36 and 38°C as measured by rectal probe. For infusions and bolus injections, the jugular vein was cannulated with polyethylene-50 tubing that had been tapered by pulling over a flame. A tracheostomy was performed, the left femoral artery cannulated for blood pressure monitoring, and a bladder catheter inserted to measure urine flow from the right kidney. The papilla ofthe left kidney was prepared for micropuncture as previously described ( 12, 13) . After surgery, a 30-min equilibration period was permitted to elapse before microperfusion was performed.
Animals subjected to furosemide and saline diuresis received a bolus injection of0.14 mg/ 100 g body wt of furosemide in a volume of 0.2 ml/ 100 g body wt of saline followed by 2.3 ug/min per 100 g body wt of furosemide in 60 ,ld/ min per 100 g body wt of saline ( 12) . Animals maintained in the hydropenic state received only 15 Ml/min per 100 g body wt of saline. Blood pressure and urinary flow rate were determined with each experiment. Values observed were similar to those previously encountered ( 12, 13 
Experimental design
The purpose of these experiments was to measure the loss of '251I-albumin from the lumen of AVR or DVR to the papillary interstitium under conditions of near zero volume flux (OJv) or high volume flux (HJv). To accomplish this task, microvessel segments were isolated between two paraffin blocks and perfused with the desired buffer as previously described ( 14) . Transcapillary volume flux (Jv) can be controlled by altering intracapillary Starling forces during microperfusion. Due to the high hydraulic conductivity of AVR wall, Jv is very large when these vessels are perfused with 0.1 g/dl albumin at collection pressures of 15 mmHg ( 14) and near zero with 5.0 g/dl albumin ( 15) . Table I summarizes experimental groups and the Starling forces employed to control volume flux across isolated vessel segments. The number of animals and vessels studied is also given. To eliminate concern over variation in interstitial NaCl and urea concentrations and the potential effects of transcapillary gradients ofthese solutes, most perfusions were performed under conditions offurosemide and saline diuresis (FD) (12) . In one group, hydropenic conditions (HD) were maintained.
Microvessel isolation and perfusion
Individual vasa recta were blocked with paraffin and punctured twice, once at the papillary tip for microperfusion and a second time near the base to collect samples for analysis. Vessels were only perfused if a length, free of branch points, could be easily traced along the papillary surface. A paraffin block was placed near the papillary base (AVR) or tip (DVR) and the vessel observed to assure that the red blood cells became completely stagnant. If a branch point existed upstream of the block blood flow continued unabated through the branch. Such hidden branch points were rarely identified. A second paraffin block was placed as far from the first as possible ( 14) . All perfusions were performed at 7.5 nl/min using a nanoliter infusion pump calibrated before and after these experiments. To control intracapillary pressure during perfusion, the hydraulic pressure in the collection pipette lumen was adjusted ( 14) . The distance from the perfusion to collection sites was measured with an ocular micrometer.
Groups OJv-FD/A and OJv-FD/D (zero volumeflux-furosemide diuresis/ascending vasa recta or /descending vasa recta). As shown in Table I these perfusions were performed using 5.0 g/deciliter (dl) albumin in perfusate buffer (see below) with the collection pipette pressurized to 10 mmHg. The purpose of these experiments was to determine whether diffusion of '25I-albumin from vasa recta to the interstitium Theoretical analysis. The following demonstrates that the design of the HJv experiments provides a particularly powerful means for determining the sieving (or reflection) coefficient of the capillary wall to albumin.
Since the oncotic pressure of 0.1 g/dl albumin is nearly zero and hydraulic pressure is expected to vary little along the perfused capillary (14) , it can be assumed that Jv is independent of axial location. 
If j in Eq. 4 is large, exponential terms approach zero and convection dominates as the mode of albumin transport. In that case, Eq. 4 becomes Ja = CaJVO
To justify the transition from Eq. 4 to Eq. 7 it is reasonable to require that the exponentials in the numerator and denominator ofEq. 4 
C.
Note that Ca/Cao and Qo/(Qo -Qv) are equal to the collectate-toperfusate ratio of '25I-albumin (Rkb) and FITC-Dx (RDX), respectively, so that a theoretical plot ofRadb vs RD. should appear as shown in Fig. 1 .
Eq. 8 can be rearranged ln(Rzb) = aaln(RDx) (9) A plot of the natural logarithm of RIb vs RDX is expected to be linear, with a slope of Ga and intercept at the origin. The power of Eq. 9 is apparent. Ga can be determined from the collectate-to-perfusate marker ratios alone, without concern over the pericapillary interstitial '25I-al-2.5~" a (Fig. 2) . This result corroborates the difference in hydraulic conductivities previously observed for these two vessel types ( 13, 14) . When perfusion was performed with 5.0 g/dl albumin, RDX was indistinguishable from unity demonstrating that volume efflux was eliminated as intended for these groups (Table II, (Table II, (Table II , HJv-FD/D). In contrast, in the AVR under conditions of high volume flux, 1251I-albumin was concentrated to a lesser degree than FHTC-Dx and paired comparison of RDX and Rb revealed a highly significant difference between these markers (Table II, Fig. 3 where Raib is plotted as a function of RDX for all AVR perfusions. The deviation of points from the line of identity at higher values of RDX conforms to expectations based upon the theory provided in the Methods (Eq. 8 and Fig. 1 ).
Reflection coefficient ofthleA VR wall to albumin. In view of the similarity of the results obtained during high volume flux perfusions of the AVR during furosemide diuresis and hydropenia, the data from the 43 perfusions were combined and plotted logarithmically (Fig. 4) . Consistent with theory, the regression line has an intercept that is statistically indistinguishable from zero (Methods, Eq. 9). The slope of the regression line in Fig. 4 provides an estimate of Ga (0.78). When examined individually, a slope and intercept of 0.79 and 0.035 are obtained for the group HJv-FD/A, and 0.88 and -0.097 for group HJv-HD/A data, respectively. Combining the data in Fig. 4 to yield the best estimate of Ga seems the best approach because these intercepts are not statistically different from zero and the slopes are not significantly different from one another. (18, 19) . Those studies demonstrate that as molecular weight rises, the interstitium provides an increasingly significant barrier to diffusion. The current experimental design overcomes the latter problem.
Assuming that convection-dominated transport across the capillary wall has been achieved, analysis (Eqs. 3-9) with respect to the estimation of oa does not depend upon knowledge of interstitial '25I-albumin concentration. Diffusive transport of albumin. An attempt was made to measure diffusion of albumin from lumen to interstitium. When DVR and AVR segments were perfused at 7.5 nl/min with buffer containing 5.0 g/dl BSA at 10 mmHg, transcapillary volume flux was not significantly different from zero and efflux of 125I-albumin could not be detected (Table II, groups OJv-FD/A, OJv-FD/D). If the capillary wall rather than pericapillary interstitium is the major barrier to diffusion, albumin permeability (Pa) would be calculated from (10) Assuming that a 5% change in '25I-albumin concentration (Rab = 0.95) could be confidently detected by current methods, the minimum value of Pa that might be resolved is 1.5 X 10-5 cm/s (assuming Qo = 7.5 nl/min, D = 20 ,m and L = 660 Atm). It is likely that Pa for the DVR and AVR is less than this or that the interstitium represents a greater barrier to diffusion of '25I-albumin than the capillary wall. Given that the extent to which perfusion rate can be decreased is technically limited, these experiments demonstrate that free-flow microperfusion might be an inadequate method to measure diffusive albumin efflux in vivo.
Convective transport (solvent drag) of albumin. Methods for inducing a high rate of transcapillary volume flux in the AVR have been established ( 14) and exploited to examine molecular sieving of albumin. Collectate-to-perfusate ratios of a high molecular weight (2 X 106) fluoresceinated dextran and '251-albumin were compared (Fig. 3) . Sensitivity ofthe method lymphatics in the inner medulla, the rates oftransport responsible for interstitial albumin accumulation might very well be too low to measure by present methods. A detailed mathematical simulation of such a convective albumin exchanger would be required to accurately define its function. 
